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Abstract 
 
 The abiotic precipitation of uranium (U(VI)) was evaluated in a microfluidic pore 
structure (i.e. micromodel) to assess the efficacy of using a phosphate amendment to immobilize 
uranium in groundwater and mitigate the risk of this contaminant to potential down-gradient 
receptor sites.  U(VI) was mixed transverse to the direction of flow with hydrogen phosphate 
(HPO4
2-
), in the presence or absence of calcium (Ca
2+
) or sulfate (SO4
2-
), in order to identify 
precipitation rates, the morphology and types of minerals formed, and the stability of these 
minerals to dissolution with and without bicarbonate (HCO3
-
) present.  Raman backscattering 
spectroscopy and micro X-ray diffraction (μ-XRD) results both showed that the only mineral 
precipitated was chernikovite (also known as hydrogen uranyl phosphate; UO2HPO4), even 
though the formation of other minerals were thermodynamically favored depending on the 
experimental conditions.  Precipitation and dissolution rates varied with influent conditions.  
Relative to when only U(VI) and HPO4
2-
 were present, precipitation rates were 2.3 times slower 
when SO4
2-
 was present, and 1.4 times faster when Ca
2+
 was present.  These rates were inversely 
related to the size of crystals formed during precipitation.  Dissolution rates for chernikovite 
increased with increasing HCO3
-
 concentrations, consistent with formation of uranyl carbonate 
complexes in aqueous solution, and they were the fastest for chernikovite formed in the presence 
of SO4
2-
, and slowest for the chernikovite formed in the presence of Ca
2+
.  These rates are related 
to the ratios of mineral-water interfacial area to mineral volume.  Fluorescent tracer studies and 
laser confocal microscopy images showed that densely aggregated precipitates blocked pores and 
reduced permeability.  The results suggest that changes in the solute conditions evaluated affect 
precipitation rates, crystal morphology, and crystal stability, but not mineral type.      
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1. Scope of Work 
 My thesis contains work that is related to the remediation of uranium in groundwater.  
The main body of my work focuses on precipitation and dissolution of uranyl (U(VI)) phosphate 
minerals in a microfluidic pore structure, also known as a micromodel.  Unique to my efforts are 
the use of micromodels to study the precipitation of the uranyl cation with phosphate, in the 
absence and presence of either calcium chloride or sodium sulfate, and evaluation of mineral 
dissolution at different bicarbonate concentrations.  In Chapter 2, I provide an introduction to 
U(VI) precipitation in the subsurface, including relevant minerals formed, flow-through studies, 
and field-scale efforts.  In Chapter 3, I describe the materials and methods used in my work.  I 
also describe the various characterization methods and image analysis techniques.  In Chapter 4, 
I present images from precipitation and dissolution experiments, and I discuss minerals formed 
in the precipitation reactions, differences in the precipitation rates, differences in the dissolution 
rates at three HCO3
-
 concentrations, differences in dissolution rates for the three chemical 
systems, and potential pore blockage due to precipitate formation.  A subset of my work focuses 
on the growth and stability of a metal reducing bacterium, i.e. Geobacter metallireducens in a 
micromodel.  I used two different methods to inoculate and grow microorganisms, and I describe 
results from these experiments in Appendix B. 
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2. Introduction 
 Uranium contaminated groundwater is present at several Department of Energy (DOE) 
sites and at other locations where the element was mined and processed [Wolbarst et al., 1999].  
Uranium presents a public health concern.  It tends to accumulate in the kidneys where it can 
damage proximal tubular epithelial cells [Zimmerman et al., 2007], and has been shown to pose a 
cancer risk, both due to its radioactive properties as well as its chemical properties [National 
Research Council, 2008].  Uranium in groundwater is typically present as U(VI); which is 
relatively soluble, mobile, and bioavailable.  The reduced form of uranium, U(IV), is relatively 
insoluble (e.g., as UO2(s)) and therefore of less concern.  A great deal of resources have been 
directed toward identifying strategies to remove soluble U(VI) from groundwater, including 
biological reduction of U(VI) to U(IV), U(VI) sorption to minerals, and both biotic and abiotic 
U(VI) precipitation in a mineral matrix.  While each of these strategies has merit, this work 
focuses on abiotic U(VI) precipitation with phosphate in a mineral matrix.  Polyphosphate was 
amended to groundwater at the Hanford site to promote U(VI) precipitation as uranyl phosphate 
[Vermiul et al., 2009].  Although preliminary results indicate U(VI) removal is occurring by 
sorption to apatite [Ca10(PO4)6(OH)2] precipitates that form, over time U(VI) is expected to 
sequester more strongly as a uranyl phosphate mineral, e.g. autunite [Ca(UO2)2(PO4)2·10-12 
H2O].  The time scale for uranyl phosphate precipitation in groundwater is presently unknown, as 
are details regarding the type and stability of these minerals.  As a result, it is difficult to 
determine whether phosphate addition to groundwater is an effective strategy for long-term 
uranium immobilization.             
 A variety of mineral precipitates can form when U(VI) form under subsurface conditions.  
Near uranium mines (Apex Mine, Nevada and Midnite Mine, Washington) where sulfate is 
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present, the mineral uranopilite [(UO2)6SO4(OH)10·12H2O] was found [Frost et al., 2007].  At 
the Hanford site several silicon-containing U(VI) minerals were identified in the vadose zone 
directly above the water table, i.e. uranophane-type phases [Ca(UO2)2(SiO3OH)2(H2O)5] [Um et 
al., 2010] and sodium boltwoodite [Na(UO2)(SiO3OH)·1.5H2O] [Catalano et al., 2004], as well 
as a copper containing mineral below a discharge pond, i.e., metatorbernite 
[Cu(UO2)2(PO4)2·8H2O] [Arai et al., 2007].  The facultative anaerobe Rahnella sp. Y9602 was 
isolated from soil at the Oak Ridge Field Research Center; in batch studies it was used release 
orthophosphate by hydrolysis of glycerol-3-phosphate and promote abiotic precipitation of 
hydrogen uranyl phosphate (HUP), also known as chernikovite (UO2HPO4) [Beazley et al., 
2009], which can subsequently form the more stable calcium-containing mineral autunite via ion 
exchange [Martinez et al., 2007] by the replacement of the hydrogens in two unit cells of 
chernikovite with Ca
2+
.  Solubility studies for uranyl orthophosphate (UO2)3(PO4)2 have been 
studied in the lab [Vesely et al., 1965], but no information is available which states that it forms 
in subsurface environments.  The preference of one mineral phase to form over another, and the 
long-term stability of minerals after precipitation depend on a variety of thermodynamic and 
kinetic factors. 
 Solubility products (Ksp) values for the aforementioned minerals are summarized in Table 
1.  They show that the most insoluble minerals are autunite and uranyl orthophosphate, followed 
by chernikovite and then Na-boltwoodite and uranophane.  Raicevic et al., [2006] calculated ion-
ion interaction potentials of natural uranyl phosphates, and determined that autunite is the most 
stable mineral determined based on atomic characteristics of the atoms in the mineral.   
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Table 1. Solubilities of selected uranyl minerals. 
Mineral Formula logKsp Reference 
Hydrogen uranyl 
phosphate (i.e. 
chernikovite) 
UO2HPO4·4H2O -12.17; -12.33 Vesely et al., [1965]; 
Markovic et al., 
[1983] 
Autunite Ca(UO2)2(PO4)2 -48.36 Gorman-Lewis et al., 
[2009] 
Uranyl 
orthophosphate 
(UO2)3(PO4)2·4H2O -49.36 Gorman-Lewis et al., 
[2009] 
Uranopilite (UO2)6SO4(OH)10·12H2O Not Determined  
Uranophane Ca[(UO2)SiO3(OH)10]2·H2O 9.42 Nguyen et al., [1992] 
Na-boltwoodite (H3O)(Na)(UO2)SiO4·H2O 5.83 Nguyen et al., [1992] 
Apatite Ca3(PO4)2 -32.7 CRC Handbook of 
Chemistry and 
Physics, [2011] 
 
 The dissolution of uranium containing minerals can be enhanced by strong acids, and the 
presence of bicarbonate and/or carbonate ions that can form strong aqueous complexes with 
U(VI) [Mason et al., 1997].  Complete and rapid extraction of uranium from contaminated 
sediments reflects the strength of uranyl carbonate complexes in solution [Sowder et al., 2001].  
It is likely that bicarbonate shifts the equilibrium of the uranyl mineral solubility, thus providing 
a driving force for the dissolution. The released U(VI)-HCO3
-
 complex then reorganizes its 
aqueous speciation according to the surrounding solution composition and pH [Liu et al., 2004].  
Zhou and Gu, [2005] found that bicarbonate enhances mobilization of uranium bound to soil 
minerals. For the dissolution of autunite, the authors predicted the formation of the soluble 
uranyl carbonate complex UO2(CO3)3
4-
 along with the release of PO4
3-
, Ca
2+
, and H
+
.  Speciation 
calculations showed that depending on the HCO3
-
 concentration, the dominant species in solution 
once uranium is released are UO2(CO3)3
4-
 and UO2(CO3)2
2-
 [Liu et al., 2006].  These complexes 
have poor interaction with soil and solid mineral phases, so they are highly stable and mobile in 
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groundwater [Zhou and Gu, 2005].  Dissolution kinetics for synthetic silicon-containing uranyl 
precipitates were also shown to increase with increasing bicarbonate concentrations [Ilton et al., 
2006].  Elias et al., [2002] found that bicarbonate releases more uranium into solution from 
contaminated sediments than concentrations of the chelating agents EDTA and citrate normally 
used for effective extraction of uranium from environmental samples.  In a batch dissolution 
experiment, 100 mM of HCO3
-
 fully dissolved meta-autunite and chernikovite in 0.5 and 10 days 
respectively; with 1 mM of HCO3
-
, less than 5% dissolution occurred with both minerals 
[Sowder et al., 2001].   
 Mineral precipitation and dissolution in groundwater are affected by rates of advection 
and diffusion (e.g. the rate that groundwater containing bicarbonate contacts precipitated 
uranium).  We are not aware of any studies where uranium precipitation with phosphate was 
evaluated in a flow-through system.  However, in several studies dissolution of uranium 
precipitates bound to soils collected from uranium contaminated sites was evaluated.  Brown et 
al., [2010] packed uranium impacted Hanford site sediments into a column and flushed with 
deionized water.  Uranium was removed in a first order, kinetically controlled process.  The 
continued and successively slower release of U(VI) over time led to the assertion that U(VI) 
precipitates are in isolated pores and their release is mass transfer limited.  Shi et al., [2009] also 
evaluated the release of uranium from contaminated Hanford site sediments packed into a 
column, but in one experiment the sediments were pretreated them with 50 mM phosphate and 
85 mM calcium.  Less than 0.1% of the total uranium leached into synthetic groundwater over 
200 pore volumes, compared to 22% uranium leaching in untreated samples.  The decrease was 
attributed to the formation of uranyl phosphate minerals, confirmed by Laser-Induced 
Florescence Spectroscopic (LIFS) analysis [Shi et al., 2009].    
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 The objectives of this work are to quantify uranyl phosphate precipitation and dissolution 
rates at the pore scale under representative flow, mixing, and geochemical conditions; the 
corresponding effects of selected groundwater ions on these rates; the type and morphology of 
uranium minerals that precipitate; and pore blockage that results from mineral precipitation.  
Uranium precipitation is promoted along a transverse mixing zone in a microfluidic pore 
network (i.e. micromodels) in the presence and absence of calcium and sulfate ions, and U(VI) 
precipitate dissolution is evaluated in the absence and presence of dissolved bicarbonate ions.  
Both precipitation and dissolution rates are quantified using brightfield reflected microscopy 
images, and mineral phases are evaluated using both Raman backscattering spectroscopy and 
micro X-ray diffraction.  Pore blockage is evaluated using scanning confocal microscopy and 
fluorescent tracer studies.  The effects of sulfate and calcium were examined because they are 
commonly were found in U(VI) minerals identified at several important field sites (e.g., see 
Table 1), and bicarbonate was examined because of its ubiquitous presence in groundwater and 
the documented formation of highly stable dissolved U(VI)-carbonate complexes.  To our 
knowledge, this is the first study of uranium phosphate precipitation and dissolution in a flow 
cell amenable to direct visualization and analysis of mineral precipitates. 
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3. Materials and Methods 
 3.1 Materials 
 Uranyl nitrate (UO2(NO3)2, Fluka), sodium phosphate dibasic (Na2HPO4, Sigma-
Aldrich), sodium bicarbonate (NaHCO3, Fisher), calcium chloride (CaCl2, Sigma-Aldrich), 
sodium sulfate (Na2SO4, Sigma-Aldrich) and fluorescein (70%, Sigma-Aldrich) were ACS 
reagent grade (>99.0% purity) unless otherwise noted.  All solutions were prepared in nanopure 
water (Barnstead, 18.2 MΩ·cm). 
 3.2 Micromodel Fabrication 
 Standard photolithography techniques were used to fabricate all micromodels in silicon, 
as described in Chomsurin and Werth [2003] and Willingham et al. [2008].  The etched 
micromodel and pore structure are illustrated in Figure 1; the pore structure consists of a 
homogeneous array of cylinders arranged in a staggered pattern.  Individual cylinders are 300 μm 
in diameter and spaced 180 μm apart in pore bodies and 40 μm apart in pore throats, resulting in 
a porosity of 0.39.  The entire micromodel contains two inlet channels each with an inlet hole (A 
and B) drilled completely through the silicon, a 2 cm x 1 cm area containing the pore network, an 
effluent channel with a third inlet (C) and the outlet (D) drilled through the silicon wafer.  The 
pore structure and inlet and outlet channels were etched to a depth of 35 μm.  The micromodel 
was heated to 1100°C in air in order to coat the etched silicon with a ~100 nm silicon dioxide 
coating.  A 500 μm thick sheet of Pyrex glass was anodically bonded to the micromodel surface 
to create the flow channels.  Nanoports (Upchurch Scientific) were attached to the back of the 
micromodel and held by adhesive.  Teflon tubing (0.01 in I.D.) delivered fluid from two Milligat 
Flowpro pumps from solution reservoirs to each micromodel inlet via three-way PTFE valves.   
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Figure 1. (a) Schematic of micromodel with labeled inlets and outlets and (b) pore structure with 
a homogeneous array of pores.  
 
 3.3 Micromodel Experiments 
 
 Precipitation experiments were performed using three different sets of inlet solutions 
degassed by heating to 32°C and sonicating for 1 h prior to use and listed in Table 2.  Uranyl 
nitrate (UO2(NO3)2, 100 μM) and sodium phosphate dibasic (Na2HPO4, 100 μM), were prepared 
in nanopure water.  Calcium chloride (CaCl2, 100 μM) was dissolved in a 100 μM UO2(NO3)2 
solution, and sodium sulfate (Na2SO4, 100 μM) was dissolved in a 100 μM Na2HPO4 solution to 
yield combined solutions.  The concentration of U(VI) was chosen to represent conditions found 
in the field, which range from 84-210 μM at the Oak Ridge Field Research Center [Wu et al., 
2006].  Ca
2+
, HPO4
-
, and SO4
2-
 were added in a 1:1 ratio with U(VI).  Inlet A was purged with 
UO2(NO3)2 alone, or in combination with CaCl2.  Inlet B was purged with Na2HPO4 alone, or in 
combination with Na2SO4.  Inlet C was sealed and not used in this set of experiments.  
Experiments with UO2(NO3)2 and Na2HPO4 are referred to as UP, those with CaCl2 added are 
referred to as UCaP, and those with Na2SO4 added are referred to as UPS.  Minerals that can 
form from these solution mixtures and their saturation indices are listed in Table 2.   
 Precipitation in each experiment was allowed to occur continuously for ~28 h.  Next, 
both inlets were purged with solutions of sodium bicarbonate (NaHCO3) to promote mineral 
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dissolution.  To dissolve precipitates formed from only UO2(NO3)2 and Na2HPO4, both inlets A 
and B were purged with 0, 2.5, or 5 mM NaHCO3 (pH = 7.3) solution for at least 48 h each.  To 
dissolve precipitates formed when either CaCl2 or Na2SO4 was present, inlets A and B were 
purged with 5 mM NaHCO3 for at least 48 h.  According to Boonchayaanant et al., [2010], 5 
mM HCO3
-
 corresponds to the highest concentrations observed in groundwater at typical 
uranium contaminated environments.  Inlet solution temperature was maintained at 31°C ± 1°C, 
and the micromodel was kept at room temperature (21°C ± 0.5°C).  The inlet solutions were kept 
warm to keep atmospheric gases from entering the solution.  The volumetric flow rate used was 
75 μL/h through each syringe, corresponding to a Darcy velocity of 1.6 cm/min in the 
micromodel pore structure, which is similar to flow velocities observed in sands with high 
conductivities.  In all images, fluid flow is from left to right.  All experiments were performed in 
duplicate.     
Table 2. Experimental matrix with precipitation and dissolution conditions. 
Experimental 
Name 
Precipitation Conditions Saturation 
Index
a,b 
Dissolution 
Conditions (Inlets A 
and B) Inlet A Inlet B  
UP 100 μM 
UO2
2+
 
100 μM 
HPO4
2-
 
3.7 HUP 5 mM HCO3
-
, 2.5 mM 
HCO3
-
, water/2.5 mM 
HCO3
- 
 
UCaP 100 μM 
UO2
2+
, 100 
μM Ca2+ 
  
100 μM 
HPO4
2-
 
3.7 HUP 
26.9 Autunite 
12.7 Apatite 
5 mM HCO3
-
 
UPS 100 μM 
UO2
2+
  
100 μM 
HPO4
2-
, 100 
μM SO4
2- 
 
3.7 HUP 
NA Uranopilite 
5 mM HCO3
-
 
a 
Calculations assume 100 μM of each component (e.g., HPO4
-
 = PO4
3-
 = 100 μM). 
b
 Ksp constants can be found in Table 1. 
  
 
 
 
10 
 
 3.4 Micromodel Visualization 
 
 Experiments were imaged with a Nikon microscope (Eclipse TE2000 E and Eclipse Ti) 
equipped with 4×, 10×, and 40× inverted objectives, a digital camera (Photometrics Coolsnap 
HQ2), and an automated stage (Prior Scientific Instrument and Märzhäuser Wetzlar).   The 
computer software Nikon Elements was used to control the microscope components.  For 
example, the software was programmed to execute 26×3 stage movements and 78 image-capture 
events with the 10× objective at each time point, and to montage the individual images into a 
complete image of the entire length of the micromodel.     
 Precipitates were analyzed through the glass cover slip using Raman backscattering 
spectroscopy (Horiba Jobin Yvon) in order to identify mineral types.  A laser of wavelength 532 
nm was manually focused prior to each scan.  Spectra were collected with 10 s exposure times, 
averaged over 10 exposures.  The Raman spectra were processed using the software program 
LabSpec.  Precipitates were also analyzed using a Rigaku micro x-ray diffraction (μ-XRD) 
system. X-rays were generated (MicroMax 007HF operated at 35kV and 25mA) from a rotating 
Cr target (λ = 2.2910 Å) and focused through a 300 μm diameter collimator. The x-ray beam 
cannot evaluate minerals through a glass cover slip, so the micromodel was cut across the outlet 
channel and the glass in this region with fixed mineral precipitates was broken free and mounted 
on the stage of a Rigaku D/Max Rapid II goniometer for analysis. Diffraction data recorded on a 
2D image plate were integrated between 10 and 160° 2θ to give powder traces.  Exposure time 
for the samples was 10 min each.  Comparison with database patterns was carried out using 
JADE v9.2 (Materials Data Inc., California).  
 Tracer tests were conducted with a fluorescein dye (10 μM) in order to determine 
whether mineral precipitates completely blocked pores.  The dye was injected through inlet A 
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(100 μL/h) and nanopure water was injected through inlet B (50 μL/h).  When precipitates are 
not present, the fluorescent tracer occupies approximately 2/3 of the pore structure.  When 
precipitates block the pores, the fluorescent tracer is confined to the pore structure above the 
zone of precipitation.  The fluorescent dye was imaged using fluorescent microscopy and an ET-
GFP filter.   
 Laser confocal imaging was also used to determine whether mineral precipitates spanned 
the depth of the microfluidic pore structure and potentially blocked flow.  The pore network in 
all three experimental conditions was filled with the fluorescein dye solution to provide contrast, 
and one upgradient pore and one downgradient pore were imaged using a Zeiss LSM710 multi-
photon laser-scanning confocal microscope (Carl Zeiss MicroImaging, Inc.).  Slices 1 μm thick 
were acquired with a 488nm Ar ion laser for excitation, and detection at 500~570nm with a 40× 
long working distance water immersion objective.  They were montaged to obtain 3D images of 
the precipitates.   
 3.5 Image Analysis 
 
 Matlab was used to estimate mineral precipitate surface area and volume in the pore 
structure.  Mineral precipitates were darker (lower in intensity) than silicon etched flow channels 
containing water and silicon grains.  Shadows extending 0-10 μm around each grain were also 
present, and of similar intensity to mineral precipitates.  A blank pore structure was created 
numerically, and grain sizes were adjusted to match grain plus shadow dimensions in the 
individual images; image subtraction was then used to eliminate all silicon grains and shadows 
from further evaluation.  Image thresholding of gray scale intensity was used to distinguish 
mineral precipitates from etched flow channels containing water, and the number of pixels with 
precipitates was summed.  The gray scale intensity threshold value was determined by 
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observation of a sample of images to determine a value, and adjusted if a specific image had a 
drastically different background light intensity.  Total area was determined by multiplying the 
number of pixels by individual pixel area, and total volume was determined by assuming 
precipitates occupied the entire pore depth.  Surface area was then determined by measuring the 
perimeter of the precipitate and multiplying by depth, again with the assumption that precipitates 
span the entire depth.  Precipitate adjacent to the post (not in contact with flowing liquid) was 
subtracted away prior to multiplying by depth.  It is unlikely that all precipitates spanned the 
entire pore depth, and observed gray scale variations suggest packing density among mineral 
precipitates varied.  Hence, estimated areas and volumes are semi-quantitative and must be 
interpreted with caution. 
 Precipitation and dissolution rates were approximately constant, and were approximated 
by linear regression of precipitation or dissolution versus time data from duplicate experiments.  
Rate constants were calculated in units of volume per time, and then converted to mass per time 
for comparison to literature values by assuming the density of precipitates was uniform and equal 
to 3.26 g/cm
3
, the density of chernikovite [Atencio, 1988].  
 The areas of individual crystalline precipitates were determined in one upgradient, one 
middle, and one downgradient pore of a micromodel in each unique precipitation experiment.  
Dark areas identified as crystals that were smaller or larger than threshold area values were not 
considered, because smaller areas were predominantly imperfections on the micromodel surface, 
and larger areas were predominantly agglomerations of two or more crystals.  Threshold area 
values were determined via inspection of each image.  ImageJ software was used to count the 
area of each crystal, and an average area and standard deviation was determined. 
13 
 
 The transverse distance of continuous precipitate in the horizontal center of each pore 
was measured to determine if the precipitate width changed from pore to pore along the length of 
each micromodel.  The edges of the continuous precipitate were selected manually, and the 
ImageJ program was used to measure the distance. 
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4. Results and Discussion 
 4.1 Micromodel Images 
 
 Brightfield reflected microscopy images for the UP experiment at three time points are 
shown in Figure 2.  During precipitation (0-28 h, Figure 2(a) and Figure 2(b)), minerals formed 
first on the influent side of the micromodel, and later over the entire length of the micromodel.  
This can be seen in more detail by Figure A.1, which shows the pixel area over time for 
individual pores located along the mixing zone at the upgradient, middle, and downgradient sides 
of the micromodel for the UP system.  The majority of precipitation occurs within the first 4 h in 
the upgradient pore, but takes ~10 h to show appreciable precipitation in downgradient pores 
even though the residence time in the micromodel is approximately 3 min.  Minerals form more 
quickly upgradient because reactant concentrations are greater (i.e., greater saturation index 
values for potential mineral precipitates); diffusive mixing downgradient dilutes the 
concentrations making precipitate formation slower [Zhang et al., 2010a].  The mixing zone 
primarily occupies the middle pore throughout the entire length of the micromodel (see Figure 
2).  Less precipitation occurs in pores directly adjacent to the middle pore due to diffusion-
limited mixing across the center line.   
 During dissolution (Figure 2(c and d)), the precipitation zone becomes thinner.  In many 
pores, the entire precipitate appears to disappear from one image to the next, or to detach and 
reattach in a different orientation (Figure A.2).  This indicates that adhesion to the silicon dioxide 
surface and glass is less favorable than cohesion among precipitate minerals.  This suggests that 
during dissolution, individual crystals located off-center from the main precipitate zone will 
detachment and migrate downgradient.  In support of this assertion, small mobile precipitates 
exiting the pore network were observed during dissolution.   
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Figure 2. Brightfield reflected microscopy images of UP system after 7.5 h (a) and 27.5 h (b) 
(precipitation); and 57.75 h (c) and 191.75 h (d) (dissolution with 5 mM HCO3
-
). 
 
 Brightfield reflected microscopy images of individual pores during dissolution are shown 
in Figure 3.  A time lapse of an individual pore in the UP experiment during dissolution with 5 
mM bicarbonate is shown in Figure 3(a-c).  Small isolated precipitates located off-center from 
the main precipitate zone dissolve first, followed by precipitates along the outer edge of the main 
precipitate zone, and finally the main precipitate zone.  The main precipitate zone takes over 
191.25 h from the beginning of the experiment to completely dissolve.  Images of individual 
pores for the UP, UCaP, and UPS experiments are shown at similar times in Figure 3(d-f).  The 
UP and UCaP systems have similar individual crystal sizes, although crystals for UP appear 
more defined and dense.  The crystals that formed in the UPS experiment were the largest; and 
had an average area of 179 μm ± 91 μm2, approximately double the size of the crystals in the UP 
and UCaP systems (64 ± 30 and 75 ± 39 μm2, respectively). 
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Figure 3. 40× objective brightfield microscopy images of selected pores of the UP system 
showing the dissolution due to bicarbonate at 5 mM at (a) 22.75 h, (b) 84.25 h, and (c) 191.25 h; 
and the difference in crystal size in the (d) UP, (e) UCaP, and (f) UPS systems.  Individual 
images are 200 μM in width. 
 
 
 
 
 
a 
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 4.2 Minerals Formed During Precipitation and Dissolution 
 
 Raman backscattering spectra for the UP, UCaP, and UPS systems during precipitation 
are shown in Figure 4.  All three spectra are very similar, and match published spectrum for 
hydrogen uranyl phosphate i.e. chernikovite shown in the Figure 4 inset [Dorhout et al., 1989].  
The exceptions are two peaks at 515 cm
-1
 and 1350 cm
-1
, which can be attributed to the silicon 
dioxide coating of the micromodel and the glass components of the micromodel, respectively 
[Zhang et al., 2010a].  The μ-XRD results for mineral precipitates formed in the UPS 
experiments and a reference chernikovite spectrum are shown in Figure 5.  The spectra are very 
similar, indicating that only chernikovite is present.  The μ-XRD spectrum for UCaP also 
matches the reference spectrum, indication that chernikovite is the only mineral present in all 
three experiments. 
 
Figure 4. Raman spectra for the UP system (bottom) UCaP system (middle) and UPS system 
(top).  Inset: Raman spectrum of HUP [Dorhout et al., 1989]. 
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Figure 5. μ-XRD spectrum for mineral form in the UPS system (top) and comparison to 
reference peak positions for chernikovite (bottom). 
 
 A pH stability diagram for uranyl minerals that can form in the UP, UCaP, and UPS 
experiments, calculated with MINEQL+ [Schecher and McAvoy, 1992], is shown in Figure 6.  
The MINEQL+ program determines which minerals will precipitate based solely on 
thermodynamics, reactions and stability constants for the model in each experimental system are 
shown in Table A.1 through Table A.4.  The two most favorable minerals at the conditions of the 
experiments (pH ~ 8) are Na-autunite (Na2(UO2)2(PO4)2·8H2O) and uranyl orthophosphate; 
autunite is also favored in the Ca
2+
 containing system. Chernikovite (UO2HPO4) is relatively less 
favored to form, but it is the only mineral observed experimentally.  In a field experiment with 
polyphosphate addition, researchers were unable to precipitate chernikovite [Vermeul et al., 
2009], the only product formed in the micromodel system.  Others have shown that chernikovite 
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is partially formed within the first hour and then converts to autunite via ion exchange over the 
time span of 84 h in a batch system [Martinez et al., 2007]; findings were confirmed with 
EXAFS [Beazley et al., 2007].  It is not clear why chernikovite was observed in our experiments 
but not the field effort with polyphosphate addition.  However, the batch studies suggest that 
autunite is kinetically limited relative to chernikovite, and mass transfer limited mixing of U(VI) 
and Ca
2+
 with HPO4
2-
 may kinetically limit the formation of autunite in our work.  A similar 
phenomenon was observed in the formation of CaCO3 minerals in a micromodel system limited 
by transverse mixing of Ca
2+
 and CO3
2-
.  Vaterite was predominantly formed under some 
conditions instead of the more stable mineral calcite [Zhang et al., 2010a].  Hence, the 
experimental results suggest that chernikovite is kinetically favored in the micromodel system.   
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Figure 6. MINEQL+ pH stability diagram for selected minerals in system with uranyl and 
phosphate (top); uranyl, Ca
2+
, and PO4
3-
 (middle); and uranyl, PO4
3-
, and SO4
2-
 (bottom). 
  
 A Raman backscattering spectrum for the UCaP experiment during flushing with 5 mM 
HCO3
-
 is shown in Figure 7.  Two additional peaks are evident at 1150 cm
-1
 and 1500 cm
-1
; these 
peaks are also present in the UP and UPS spectra during dissolution with HCO3
-
.  These peaks 
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were only observed for spectra taken of mineral precipitates near the edge of the dense 
precipitate zone (e.g., green dot in Figure 7).  Spectra taken closer to the center of the precipitate 
zone (away from HCO3
- 
solution) did not show the new peaks. We could not find any spectra in 
the literature that provided a match for the extra Raman peaks; however, it is possible that 
incorporation of bicarbonate into the mineral lattice gives rise to the two new peaks.  A 
MINEQL+ simulation of a batch system with uranyl, phosphate, and bicarbonate is shown in 
Figure 8. According to the pH stability diagram shown in Figure 8, rutherfordine (UO2CO3) is a 
mineral that could form under the experimental conditions.  The reference spectrum for 
rutherfordine contains a broad peak at 790 cm
-1
, large peak at 890 cm
-1
, and a peak at 1110 cm
-1
, 
not a definitive match to the experimental peaks located at 1150 cm
-1
 and 1500 cm
-1
. 
 
Figure 7. Raman spectrum from UCaP experiment during 5 mM HCO3
-
 dissolution with arrows 
highlighting the new peaks caused by the flowing HCO3
-
.  Left image shows the location of the 
laser light during acquisition. 
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Figure 8. MINEQL+ pH stability diagram for possible solids formed during dissolution of the 
UP system. 
  
 4.3 Rates of Precipitation 
 
 Amounts of precipitate over time in the UP, UCaP, and UPS experiments are shown in 
Figure 9.  Variations in the data between replicate experiments may be due to small changes in 
precipitation location and flow rate that occur from small pump-induced flow variations, and 
subsequently lead to larger changes in the precipitation location and flow rate; or to shadows 
either obscuring precipitate or being counted as precipitate despite our best efforts to discount 
shadow areas.  In general, precipitation is promoted during the first 28 h, followed by 
dissolution.  In all experiments, the amount of the precipitates increases over the first ~28 h.  The 
rate of precipitation depends on the inlet conditions even though only chernikovite forms; it is 
30,942 ± 14,969 pixel/h for UP (R2= 0.68), 43,931 ± 13,718 pixel/h for UCaP (R2= 0.84), and 
13,335 ± 3,094 pixel/h for UPS (R2= 0.90).  The regression fits for the dissolution data can be 
seen in Figure A.1.  Assuming minerals occupy the entire depth of the micromodel, and a 
mineral density of 3.26 g/cm
3
, precipitation rates are 2.73 μg/h, 3.88 μg/h, and 1.18 μg/h, 
respectively.  Zavarin and Doner [2005] also found that ions not incorporated into a mineral can 
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affect the rate and extent of precipitation; environmentally relevant conditions of phosphate and 
selenite inhibited calcite precipitation in soil.  Results presented here suggest that calcium 
enhances chernikovite precipitation, while sulfate inhibits it.  Since experiments were not run 
until the amount of precipitation reached a steady state value, we cannot determine if the extent 
of precipitation is also affected by Ca
2+
 and SO4
2-
. 
 
Figure 9. Precipitation and dissolution (5 mM HCO3
-
) for the three experimental conditions. 
 
 4.4 Rates of UP Dissolution at Three HCO3
-
 Concentrations 
 The normalized amounts of precipitate present in the UP system during dissolution are 
shown in Figure 10.  The dissolution rates for the 5 mM, 2.5 mM, and 0 mM HCO3
-
 are -4,501.6 
± 1,478 pixel/h (R2= 0.67), 3,180 ± 924 pixel/h (R2= 0.80), and 640.43 ± 1,927 pixel/h (R2= 
0.02), respectively.  The overall plot for both precipitation and dissolution of the UP system at 
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different HCO3
-
 concentrations and regression fits for the dissolution data can be seen in Figure 
A.4 and Figure A.5, respectively.  Assuming mineral precipitates span the entire micromodel 
depth, and a density of 3.26 g/cm
3
, these values correspond to 0.61, 0.43, and 0.087 μg/h, 
respectively.  The dissolution rate is positively related to the amount of HCO3
-
 present in the 
system; the more HCO3
-
, the faster dissolution occurs.  While the rate constants show it is 
evident that the concentration of HCO3
-
 plays a major role in the dissolution kinetics of U(VI) 
minerals, it is worth discussing that some loss of precipitation may have been due to the 
detachment of mineral precipitates rather than complete dissolution.  The detached precipitates 
leaving the micromodel were not fully dissolved, affecting the total amount of precipitate in the 
system over time.  It is then evident that rate constants determined in this work may be faster 
than actual values would be for batch systems.  Detachment could also lead to variability in the 
dataset, especially if large areas of precipitate detach at once.  Liu et al., [2006] modeled Na-
boltwoodite dissolution and determined a rate constant for dissolution. 
      
     
  
        
  
 
Where k
 
is the rate of release of U(VI)-HCO3
-
 from the surface of a mineral multiplied by the 
surface area of the mineral; A is the surface area; ρb is the bulk density; and Ks is a parameter 
relating the forward and backward rate constants for HCO3
-
 coordinating to the surface of the 
uranium mineral and the rate of release of the surface complex (U(VI)-HCO3
-
) into the aqueous 
phase.  The values k and Ks were determined experimentally by Liu et al., [2006] to be 5.69 × 
10
-10
 mol m
-2
 s
-1
 and 2.74 mmol/L, respectively.  The bulk density was determined by assuming 
the mineral precipitates occupied the entire depth of the micromodel and multiplying depth by 
the area of the precipitate.  The rates derived when this equation was applied to the micromodel 
systems are 5.56 × 10
-10
, 4.41 × 10
-10
, and 0 M
2
/s.  While the empirical rate equation given in the 
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paper was of a different reaction order than the zero order rates determined in this paper, what 
can be compared are the ratios of the dissolution rates between the 5 mM system and the 2.5 mM 
system.  In our system the ratio was 1.42; with the model the ratio was 1.26.  These values are 
very similar, despite the fact that the model was developed using data from batch dissolution of a 
uranium mineral (not chernikovite).  In another study, 1 M of HCO3
-
 promoted dissolution of  
94.3% by mass of a synthetic uranyl-phosphate mineral (made by mixing uranyl acetate with 
Na2HPO4) over 24 h in a batch system [Elias et al., 2002].  In comparison, only ~41% of the 
total HUP precipitate was dissolved over 26 h with 5 mM HCO3
-
 in our micromodel system.  The 
primary reason for these differences is because most minerals in the micromodel are aggregated 
together along the center mixing zone, mineral access to HCO3
-
 is mass transfer limited, and 
dissolution occurs primarily on the outside edges of the precipitate zone.   
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Figure 10. Normalized dissolution data for three HCO3
-
 concentrations.   
 
 4.5 Rates of UP, UCaP, and UPS Dissolution 
  
 The amounts of precipitate present in the UP, UCaP, and UPS systems during dissolution 
are shown in Figure 9.  The rates of dissolution for the UP, UCaP, and UPS systems are 4,501.6 
± 1,478 pixel/h (R2= 0.67), 5,351.7 ± 1,710 pixel/h (R2= 0.69), and 6,870.4 ± 2078 pixel/h (R2= 
0.74) pixels/h, respectively; assuming a mineral density of 3.26 g/cm
3
 and the precipitates 
occupying the entire depth the rates are 0.60, 0.71, and 0.91 μg/h, respectively.  Regression fits 
and normalized dissolution data can be seen in Figure A.6 and Figure A.7.  Schoepite, a uranyl 
hydroxide mineral, had dissolution kinetics of 0.023 μmol/h (30.1 μg/h) in a stirred batch system 
with synthetic groundwater [Casas et al., 1994].  The slow rates of chernikovite dissolution 
compared to other uranyl minerals in bicarbonate in the micromodel are due to the 
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aforementioned mass transfer limitations; similar to the mass transfer limitations which occur in 
the subsurface.       
 The dissolution rates of the three systems at 5 mM HCO3
-
 depend on the surface areas of 
the minerals formed near the mixing zone.  Assuming that all crystals occupy the entire depth of 
the micromodel, surface area per volume values were determined for the mineral precipitates in 
the micromodel.  The highest surface area per volume system for all crystals in the system was 
the UPS system with 0.48 μm2/μm3, followed by the UCaP (0.23 μm2/μm3) and UP (0.19 
μm2/μm3) systems.  It has been determined experimentally and numerically that higher mineral 
surface area leads to a faster rate of dissolution for uranium minerals [Liu et al., 2006].  In the 
micromodel, dissolution of the individual crystals occurs first; then the main precipitate zone 
began to dissolve because most of the surface area of the precipitate zone is not exposed to 
flowing HCO3
-
 solution. 
 4.6 Potential Pore Blockage Due to Mixing Line 
 
 Tracer tests results for a clean micromodel and for the three experiments after 28 hr of 
precipitation are shown in Figure 11.  In the blank micromodel, the tracer occupies 2/3 of the 
pore structure, consistent with the 2:1 ratio of tracer to clean water flow rate.  In micromodels 
with precipitate, the tracer is restricted to 1/2 of the micromodel for part of the pore structure, 
and then breakthrough across the precipitate zone occurs.  This breakthrough occurs earliest in 
the pore structure for UPS, later in the pore structure for UCaP, and latest in the pore structure 
for UP.  The maximum transverse widths of continuous precipitate as a function of longitudinal 
distance in the pore networks of the three experiments are shown in Figure 12.  The width is 
relatively constant over the entire pore length for UP, but decreases midway in the pore network 
for UCaP, and earlier in the pore network for UPS.  Laser confocal images of precipitate in a 
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downgradient pore in the UP and UPS experiments are shown in Figure 13.  The UP pore is 
completely blocked, whereas the UPS pore is not.  These results indicate that tracer breakthrough 
across the micromodel centerline occurs when precipitates exist as isolated crystals that do not 
connect across a pore body, and that faster precipitation (e.g., faster precipitation in UP 
compared to UPS) results in more complete pore blockage along the length of the micromodel.  
 
Figure 11. Tracer test results for blank micromodel (top left), UP (top right), UCaP (bottom left), 
and UPS (bottom right). 
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Figure 12. Maximum width of the mixing line over distance in the micromodel. 
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Figure 13. 3-Dimensional representation of mineral precipitate in an individual pore from the UP 
(top) and UPS (bottom) systems halfway down the length of the micromodel. 
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5. Conclusions, Implications, and Future Work 
 This work illustrated the usefulness of micromodels in studying reactions of relevance to 
U(VI) remediation.  U(VI) was precipitated due to transverse mixing with HPO4
2-
 along the 
entire length of the pore network.  In all systems, only the mineral chernikovite was precipitated, 
even though other minerals were favored to precipitate.  Kinetics of both precipitation and 
subsequent dissolution with HCO3
-
 were determined.  Precipitation was slowest in the UPS 
system and fastest in the UCaP system.  Dissolution was slowest in the UP system and fastest in 
the UPS system.  Dissolution rates in the UP system increased with increasing concentrations of 
HCO3
-
.  The extent of pore blockage from precipitation was greatest in the UP system, less in the 
UCaP system, and the least in the UPS system.  Results shown are important in the search for 
methods to immobilize U(VI) in full-scale remediation efforts.  For example, phosphate 
amendment may provide a method to rapidly precipitate of U(VI) in a form stable enough to 
withstand dissolution, an important factor to consider when considering a remediation strategy.  
As such, future research in the abiotic precipitation area should involve determining the ideal 
uranium-containing minerals to ensure complete precipitation and resistance to dissolution.  
Micromodels can play a key role in simplifying the experiments necessary to determine rates of 
reactions. Unlike with using sediment samples, micromodels can help determine the dissolution 
rates of minerals without influence of any desorption of U(VI) which would occur from studies 
with subsurface sediments.  Characterization can also be done in situ, useful when considering 
that minerals formations can change over time.  The results from this work suggest that changes 
in the solute conditions evaluated affect precipitation rates, crystal morphology, and crystal 
stability, but not mineral type.      
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Appendix A. Supplemental Information 
      
Figure A.1. Percent area of precipitate vs. time for an upgradient (left), middle (center), and 
downgradient (right) pore. 
 
 
Figure A.2. Brightfield reflected microscopy image of first five pores of UPS system at (a) 37.75 
h, (b) 51.5 h, and (c) 73 h after the beginning of the precipitation phase showing the tendency for 
the minerals to stay agglomerated. 
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Table A.1. Reactions and stability constants in MINEQL+ for the UP system. 
Equation Log K 
OH
-
 = H2O – H
+ 
-13.997 
(UO2)2(OH)2
2+
 = 2 H2O – 2 H
+
 + 2 UO2
2+
 -5.574 
UO2OH
+
 = H2O – H
+
 + UO2
2+
 -5.897 
(UO2)
3
(OH)5
+
 = 5 H2O – 5 H
+
 + 3 UO2
2+
 -15.585 
NaHPO4
-
 = H
+
 + Na
+
 + PO4
3- 
13.445 
H2PO4
-
 = 2 H
+
 + PO4
3- 
 19.573 
HPO4
2-
 = H
+
 + PO4
3-
 12.375 
H3PO4 = 3 H
+
 + PO4
3-
 21.721 
UO2HPO4
 
(aq) = H
+
 + PO4
3-
 + UO2
2+
  19.655 
UO2H2PO4
+
 = 2 H
+
 + PO4
3-
 + UO2
2+ 
22.833 
UO2(HPO4)2
2-
 = 2 H
+
 + PO4
3-
 + UO2
2+
 42.988 
UO2(H2PO4)2 (aq) = 2 H
+
 + 2 PO4
3-
 + UO2
2+ 
44.700 
UO2(H2PO4)3
-
 = 6 H
+
 + 3 PO4
3-
 + UO2
2+ 
66.245 
UO2NO3
+
 = NO3
-
 + UO2
2+ 
0.300 
UO2PO4
-
 = PO4
3-
 + UO2
2+ 
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Table A.2. Reactions and stability constants in MINEQL+ for the UCaP system. 
Equation Log K 
OH
-
 = H2O – H
+ 
-13.997 
CaOH
+
 = H2O – H
+
 + Ca
2+ 
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Table A.3. Reactions and stability constants in MINEQL+ for the UPS system. 
Equation Log K 
OH
-
 = H2O – H
+ 
-13.997 
(UO2)2(OH)2
2+
 = 2 H2O – 2 H
+
 + 2 UO2
2+
 -5.574 
UO2OH
+
 = H2O – H
+
 + UO2
2+
 -5.897 
(UO2)
3
(OH)5
+
 = 5 H2O – 5 H
+
 + 3 UO2
2+
 -15.585 
NaHPO4
-
 = H
+
 + Na
+
 + PO4
3- 
13.445 
H2PO4
-
 = 2 H
+
 + PO4
3- 
 19.573 
HPO4
2-
 = H
+
 + PO4
3-
 12.375 
H3PO4 = 3 H
+
 + PO4
3-
 21.721 
UO2HPO4
 
(aq) = H
+
 + PO4
3-
 + UO2
2+
  19.655 
UO2H2PO4
+
 = 2 H
+
 + PO4
3-
 + UO2
2+ 
22.833 
UO2(HPO4)2
2-
 = 2 H
+
 + PO4
3-
 + UO2
2+
 42.988 
UO2(H2PO4)2 (aq) = 2 H
+
 + 2 PO4
3-
 + UO2
2+ 
44.700 
UO2(H2PO4)3
-
 = 6 H
+
 + 3 PO4
3-
 + UO2
2+ 
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-
 = H
+
 + SO4
2-
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NaSO4
-
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+
 + SO4
2-
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UO2NO3
+
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-
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UO2PO4
-
 = PO4
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UO2SO4 (aq) = SO4
2-
 + UO2
2+
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UO2(SO4)2
2-
 = 2 SO4
2-
 + UO2
2+ 
4.300 
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Table A.4. Reactions and stability constants in MINEQL+ for the UP system under HCO3
-
 
dissolution. 
Equation Log K 
OH
-
 = H2O – H
+ 
-13.997 
(UO2)2(OH)2
2+
 = 2 H2O – 2 H
+
 + 2 UO2
2+
 -5.574 
UO2OH
+
 = H2O – H
+
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2+
 -5.897 
(UO2)
3
(OH)5
+
 = 5 H2O – 5 H
+
 + 3 UO2
2+
 -15.585 
H2CO3 (aq) = 2 H
+
 + CO3
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-
 = H
+
 + CO3
2-
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+
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 + Na
+
 10.079 
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-
 = H
+
 + Na
+
 + PO4
3- 
13.445 
H2PO4
-
 = 2 H
+
 + PO4
3- 
 19.573 
HPO4
2-
 = H
+
 + PO4
3-
 12.375 
H3PO4 = 3 H
+
 + PO4
3-
 21.721 
UO2HPO4
 
(aq) = H
+
 + PO4
3-
 + UO2
2+
  19.655 
UO2H2PO4
+
 = 2 H
+
 + PO4
3-
 + UO2
2+ 
22.833 
UO2(HPO4)2
2-
 = 2 H
+
 + PO4
3-
 + UO2
2+
 42.988 
UO2(H2PO4)2 (aq) = 2 H
+
 + 2 PO4
3-
 + UO2
2+ 
44.700 
UO2(H2PO4)3
-
 = 6 H
+
 + 3 PO4
3-
 + UO2
2+ 
66.245 
NaCO3
-
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2-
 + Na
+
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2+ 
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2-
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UO2NO3
+
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-
 + UO2
2+ 
0.300 
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-
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3-
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Figure A.3. Regression fits for precipitation phase for UP (squares), UCaP (triangles), and UPS 
(circles) systems. 
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Figure A.4. UP precipitation and dissolution under various HCO3
-
 concentrations. 
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Figure A.5. Regression fits for dissolution with 5 mM HCO3
-
 (squares), 2.5 mM HCO3
-
 
(triangles), and 0 mM HCO3
-
 (circles) 
 
 
y = -4501.6x + 802306
R² = 0.6687
0
100000
200000
300000
400000
500000
600000
700000
800000
900000
1000000
0 100 200 300
A
re
a 
(p
ix
e
ls
)
Time (h)
y = -3180x + 683580
R² = 0.7956
0
100000
200000
300000
400000
500000
600000
700000
800000
900000
0 200 400
A
re
a 
(p
ix
e
ls
)
Time (h)
y = -640.43x + 457311
R² = 0.0235
0
100000
200000
300000
400000
500000
600000
700000
0 100 200
A
re
a 
(p
ix
e
ls
)
Time (h)
45 
 
 
 
Figure A.6. Regression fits for dissolution phase for UP (squares), UCaP (triangles), and UPS 
(circles). 
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Figure A.7. Normalized dissolution data for the three chemical systems. 
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Appendix B. Biological Reduction 
 B.1 Abstract 
 In biological experiments it was shown that biofilms of Geobacter metallireducens could 
be introduced into the micromodel, but in most cases the shearing forces and possibly the growth 
conditions were not sufficient to encourage growth.  Biofilm stability studies showed that a 
slower flow rate through the micromodel slows biomass detachment, but overall growth of the 
biofilm could not be confirmed.  For U(VI) bioimmobilization to be considered as a remediation 
strategy for contaminated sites, the issues of maintaining a growing biofilm in the subsurface 
need to be addressed. 
 B.2 Introduction 
 A cost-effective method of remediating U(VI) contamination is with in situ bioreduction 
[Lovley et al., 1991; Finneran et al., 2002a].  It has been shown that microorganisms can mediate 
the reduction of soluble U(VI) to insoluble U(IV) [Lovley et al., 1991; Lovley and Phillips, 1992; 
Suzuki et al., 2005; Chabalala and Chirwa, 2010].  This insoluble U(IV) mineral, called 
uraninite (UO2), is desired because the uranium will become immobilized in the subsurface.  The 
most common uranium reducing microorganism is Geobacter metallireducens, which has been 
found in many contaminated subsurface environments [Lovley et al., 1993; North et al., 2004; 
Chang et al., 2005; Cardenas et al., 2008].  The activity of these, and similar microorganisms, 
can be stimulated by the addition of acetate [Holmes et al., 2002].  The microorganisms can 
continue to reduce U(VI) even under lower than desirable concentrations of phosphate 
[N’Guessan et al., 2010], which occasionally occurs during field-scale remediation.  One of the 
main concerns with the bioreduction of uranium is the possibility of reoxidation and 
resolubilization of the U(IV) solid by species like dissolved oxygen and nitrate [Moon et al., 
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2007; Wu et al., 2007; Wu et al., 2010], or the termination of electron donor amendment which 
causes a loss of reducing conditions [Wan et al., 2005; Wan et al., 2008].  When nitrate is a co-
contaminant with U(VI), it must be reduced first before U(VI) can be reduced [Finneran et al., 
2002b].  Disimilatory nitrate reducers have been shown to oxidize previously immobilized U(IV) 
[Senko et al., 2002]  It was shown in column studies that uraninite co-precipitated with the iron 
mineral mackinawite was protected by the mineral, whereas uraninite without the presence of the 
mineral was susceptible to reoxidation [Abdelouas et al., 1999].  It has also been shown in field 
scale experiments that when the terminal electron acceptor switches from iron to sulfate, 
reduction of U(VI) is inhibited [Anderson et al., 2003].  Studies by Boonchayaanant et al., 
[2009] revealed that uranium reduced by iron-reducing microorganism is more resistant to 
reoxidation compared to uranium reduced by sulfate-reducing bacteria.   
 Micromodels have also been used to conduct biological experiments.  Sulfurospirillium 
multivorans, an anaerobic halorespiring microorganism was grown in a micromodel; showing 
that biomass located along a transverse mixing zone affects permeability and the location of the 
mixing zone [Nambi et al., 2003].  These models can be used to predict the degradation rates for 
transverse mixing between biomass and two required nutrients [Knutson et al., 2007].  The 
herbicide degrading microorganism Delftia acidovorans was grown in a micromodel, showing 
that biomass distribution was strongly affected by flow dynamics and transverse limited substrate 
distribution [Zhang et al., 2010b].   
 The objectives for this work are to grow metal-reducing bacteria in a micromodel and to 
test the stability of biofilms of these microorganisms.  Results can be applied to field scale sites 
in terms of determining conditions to stimulate growth of microorganisms; and to establish 
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injection rates that will not cause microorganism to detach from the subsurface.  This is the first 
study utilizing micromodels to grow U(VI) reducing microorganisms. 
 B.3 Materials and Methods 
  B.3.1 Microorganisms and Media 
 In all solutions and media, nanopure water was used.  Growth media for this 
microorganism was 55 mM ferric citrate (C6H5FeO7, FeCit) media (13.7 g/L FeCit, 10 mL/L DL 
vitamin mix, 10 mL/L DL mineral mix, 2.5 g/L sodium bicarbonate (NaHCO3), 0.25 g/L 
ammonium chloride (NH4Cl), 0.6 g/L monobasic sodium phosphate monohydrate 
(NaH2PO4·H2O), 0.1 g/L potassium chloride (KCl), and 1 mL/L 1 mM sodium selenate 
(Na2SeO4)) [Lovley et al., 1993].  The electron donor was sodium acetate (NaC2H3O2, NaAc), 20 
mM.  A 2.0 M stock of NaAc was made by dissolving sodium acetate in water, degassing with 
nitrogen (N2) gas for 30 min, sealing, and autoclaving at 122 °C for 20 min. All chemicals were 
ACS reagents grade and acquired from Sigma-Aldrich. 
 Pure cell culture used in this work was Geobacter metallireducens (GS15), cultured from 
pure stocks from the Finneran lab at the University of Illinois.  Cells were kept in an active 
growth state by transferring old cells into new media approximately weekly.  Strict anaerobic 
techniques were used in working with pure stocks of cells.  Into a 90 mL stock of FeCit media 
was added 1 mL 2.0 M NaAc with an nitrogen background and 10 mL week-old cells with a 
N2/CO2 (80/20) background.  Cells were kept stationary in a 30 °C incubator room until needed. 
  B.3.2 Biological Micromodel Experiments 
   Prior to all experiments, brand new micromodels were flushed with degassed nanopure 
water in order to saturate the entire pore structure.  For biological experiments only, the 
micromodel and lines were flushed with ~8 mL 10% hydrogen peroxide (H2O2) solution which 
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served as a sterilizer.  To remove the H2O2 and subsequent bubbles that formed in the pore 
network, the micromodel was flushed with autoclaved and degassed nanopure water until the 
network and lines were completely saturated again. 
 Inoculation was handled in two different ways.  One method was the cell suspension 
method, where growing cells were dispersed into bicarbonate buffer and Ac
-
.  The second 
method was a pure culture injection directly into the micromodel.  To begin the cell suspension 
method, a pure culture approximately 24 h old was transferred into a fresh vial of FeCit media 
containing 20 mM Ac
-
 and placed on a shaker table for 14 h (mid to late exponential log phase).  
The cells were centrifuged at 5000 rpm and 4°C for 20 min.  The liquid was decanted and cells 
were washed with 30 mM HCO3
-
.  Cells were centrifuged again under the same conditions.  
Liquid was decanted and cells diluted with 30 mM HCO3
-
/ 5 mM Ac
-
.    The diluted cells served 
as the inoculum for the experiment. To prevent exposure of the cells to oxygen, all steps 
occurring with cells open to the atmosphere took place under a heavy flow of 80:20 N2:CO2.  In 
the second method, cells from a pure culture of Geobacter metallireducens were transferred into 
a vial containing 20 mM NaAc, and 55 mM FeCit media.  This vial was heated at 40 °C for 1 hr 
to remove gas bubbles from the solution.  This vial served as the inoculum for the experiment.   
 The solutions were drawn into a sterile 10 mL syringe and connected to the micromodel 
via syringe adapter.  To keep the light sensitive FeCit stable, solutions were kept dark by 
wrapping the syringe in aluminum foil.  Solution was injected into the micromodel at a rate of 75 
μL/h corresponding to a Darcy flux of 1.6 cm/min through each inlet.  Inoculation continued 
until a biofilm was observed in the pore structure, usually taking 6-10 d for the cell suspension 
method (syringe replaced once) or 3-4 d for the biofilm stability method. 
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 To prevent growth from retreating into the syringes, inline filters with a pore size of 2 
μm were placed between the three-way tee and the syringes.  After installing the filters, the 
PEEK tubing leading up to the three-way tee was sterilized with 10% H2O2 and then flushed with 
degassed and autoclaved water. 
 In order to grow the biofilm, FeCit media and NaAc were flowed into the micromodel.  
Depending on the experiment, this occurred via separate syringes, or mixed together in the same 
syringe.  The FeCit media was degassed by heating in 40 °C water while sonicating for 1 hr.  
Solution was drawn into syringe and attached to the PEEK tubing with syringe adapter.   
 B.4 Results and Discussion 
  B.4.1 Cell Suspension Inoculation 
 In experiments where a suspended inoculum of cells was the source of the GS15, success 
of the experiment depended on the cells initially becoming trapped on a post.  Transverse mixing 
became important when the cells were immobile in the system and could begin to utilize the 
electron acceptors and donors present.  An image of a successful inoculation is shown in Figure 
B.1.  It can be seen from this figure that there are a few areas in the pore spaces where biomass 
has immobilized.    
 
Figure B.1. Image of a micromodel containing biomass after the inoculation step. 
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 The growth phase of the experiment depended on the mixing of nutrients and energy 
sources in order to provide the right conditions for biomass to gain energy and replicate.  The 
majority of the growth was expected to occur along the middle of the micromodel because the 
electron donor and the electron acceptor entered the pore structure from different inlets.  This can 
be seen in Figure B.2, which shows the micromodel at 3 points in time.  At first the growth of the 
biomass was slow because there was a lag period when the cells acclimated to their 
surroundings.  Over time the amount of biomass increased in the system; this growth occurred 
down the middle mixing line of the micromodel. The more biomass that grew in the system, the 
more the flow homogeneity was disrupted.  This led to a spreading of the plume of biomass, seen 
in the bottom image in Figure B.2.  Despite this disruption of flow, essentially no biomass was 
present in the top and bottom quarters of the pore structure.  This means that transverse mixing 
was still the dominant method for the delivery of nutrients in the system. 
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Figure B.2. Biomass growth in micromodel after 20 d (top), 49 d (middle), and 77 d (bottom). 
 
 In order to confirm the presence of biomass in the system, the growth was exposed to 
laser light in order to capture a Raman backscattering spectrum.  Spectra were collected prior to 
and post- excitation by 100 mW of 532 nm light.  Spectra are shown in Figure B.3.  The bottom 
spectrum was collected immediately prior to exposure with laser light.  The major peaks are 
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located at 1004, 1155, and 1509 cm
-1
.  After laser exposure the peaks at 1004 and 1155 cm
-1
 
have slightly lower intensity while the peak at 1509 cm
-1
 decreases dramatically in intensity post 
exposure.  The peaks at 1004 and 1155 cm
-1
 are assigned to aromatic structures in the cell 
membrane which are fairly stable to laser excitation.  The peak at 1509 cm
-1
 can be assigned to 
nucleic acids, which are destroyed under laser light at this wavelength.  The presence of nucleic 
acids confirms the presence of biological material present in the micromodel pore structure.   
 
Figure B.3. Raman backscattering spectroscopy of biomass grown in micromodel. 
  
 The cell suspension method was problematic because of the difficulty for the initial 
inoculum to remain in the system when conditions were switch to favor growth.  Originally, the 
cell density of the inoculums was 10
5
 cells/mL.  In most cases this was not a dense enough 
inoculum cause enough biomass to attach to the posts in the pore structure.  When the cell 
density was increased to 5 x 10
6
 cells/mL, enough cells were present for there to be visual 
evidence of cell attachment.  However in this case, the switch to growth conditions caused the 
biomass to dislodge and exit the system.  More about biofilm stability will be discussed in 
section B.4.2. 
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  B.4.2 Biofilm Stability Experiments   
 In order to determine the tendency for GS15 cells to form biofilms, stability experiments 
were run in micromodels.  In these experiments, a dense inoculum (10
7
 cells/mL) of cells was 
run through the micromodel in order to trap as many cells as possible in the system.  Figure B.4 
shows the micromodel after inoculation of GS15.   
 
Figure B.4. Image of micromodel after the inoculation step is complete. 
 
 When growth conditions began, the nutrients and energy source were flushed at 75 μL/h 
per inlet (1.6 cm/min); Figure B.5 shows the results when this occurred.  Over a relatively short 
time, biomass began to be removed from the pore structure, beginning first with the middle, and 
then outwards.   
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Figure B.5. Image of biomass in micromodel after 1 d of growth conditions. 
 
 It seems that this phenomenon could be occurring due to two reasons: (1) the liquid flow 
rate is sufficiently high that shearing forces are causing the biomass to be dislodged from within 
the pores or (2) the biomass is detaching and flowing away with the nutrients that are able to 
sustain its growth.  Figure B.6 shows area analysis of the amount of biomass in the system over 
time.  It is clear from all plots that the amount of biomass in the system increases during the 
inoculation phase, but then begins to decrease as soon as the growth stage begins.  This is 
contrary to what is expected, which is that the growth phase should allow for the cells in the 
biofilm to divide, and should cause the biofilm area to increase. 
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Figure B.6. Biomass area over time in three separate experiments.  Vertical line corresponds to 
the time at which the growth conditions began. 
 
 In order to test if shearing forces are responsible for the removal of biomass from the 
pore network, the flow rate of the liquids during the growth stage of the experiment were 
reduced to 20 μL/h.  If the rate of biomass detachment was same as with the original flow rate, 
then the biomass was detaching itself and following the nutrients as the solution flows through 
the micromodel.  If the rate of detachment was slower or non-occurring, the original flow rate 
was too high to sustain a biofilm and shearing forces were the reason for the removal of biomass 
from the system.  Figure B.7 shows images of the amount of biomass present in the system over 
two time points.  The images show that although some detachment does occur, it is much slower 
than with the original liquid flow rate. 
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Figure B.7. Biomass present after 9 d and 28 d of growth conditions at 20 μL/h. 
 
 
